While pyrochlore iridate thin films are theoretically predicted to possess a variety of emergent topological properties, experimental verification of these predictions can be obstructed by the challenge in thin film growth. Here we report on the pulsed laser deposition and characterization of thin films of a representative pyrochlore compound Bi 2 Ir 2 O 7 . The films were epitaxially grown on yttriastabilized zirconia substrates and have lattice constants that are a few percent larger than that of the bulk single crystals. The film composition shows a strong dependence on the oxygen partial pressure. Density-functional-theory calculations indicate the existence of Bi Ir antisite defects, qualitatively consistent with the high Bi: Ir ratio found in the films. Both Ir and Bi have oxidation states that are lower than their nominal values, suggesting the existence of oxygen deficiency. The iridate thin films show a variety of intriguing transport characteristics, including multiple charge carriers, logarithmic dependence of resistance on temperature, antilocalization corrections to conductance due to spin-orbit interactions, and linear positive magnetoresistance.
In this paper, we report on systematic measurements of the structural, compositional, and electrical transport properties of a prototypical pyrochlore iridate, namely Bi-227 thin films. The films were grown epitaxially along the [111] direction on the yttrium-stabilized zirconia (YSZ) (111) substrates by pulsed laser deposition (PLD). The out-of-plane lattice parameters of thin films were found to be a few percent larger than that of the bulk samples. Compositional characterizations, density-functional-theory (DFT) calculations, along with X-ray photoelectron spectroscopy (XPS) studies suggest the existence of Bi Ir antisite defects and oxygen vacancies. With varied defect densities, thin films show a broad spectrum of electronic transport characteristics, including multiple charge carriers, logarithmic dependence of resistance on T, antilocalization, and linear positive magnetoresistance.
Results and Discussions
PLD growth, structural and compositional characterizations. Thin films were grown by PLD using two targets that were prepared via a solid state reaction method with IrO 2 and Bi 2 O 3 as source materials at Ir/Bi ratios of 1 and 3 (labeled as Ir/Bi@1 target and Ir/Bi@3 target, respectively). X-ray diffraction (XRD) measurements suggest that thin films are epitaxially grown on the YSZ substrates along the [111] direction of a cubic phase. Figure 1(a) shows a local 2θ − ω scan taken on a representative film grown at oxygen partial pressure P O2 = 50 mTorr using the Ir/Bi@1 target. A well-defined oscillation was observed near the thin film (222) peak, indicating a high crystalline quality and smooth film surface. The film thickness was determined to be ~26 nm based on the X-ray reflectivity. The out-of-plane d-spacing for the (222) film peak (d 222 ) is ~3.07 Å, which is ~3% larger than that of bulk Bi-227, i.e., d 222 ~ 2.98 Å 14, 29 . The in-plane ϕ-scan shows a clear three-fold symmetry ( Fig. 1 (b) ), confirming that the film has a cubic crystalline structure and is epitaxially grown on the substrate. The epitaxial relationship between the thin film and the substrate was determined to be (222)Bi-227‖(111)YSZ and [022 ]Bi-227‖[011 ]YSZ based on the ϕ-scan and the cross-sectional transmission electron microscopy (TEM) measurements ( Fig. 1(c,d and e) ).
We note that elongation (contraction) in the out-of-plane d-spacing was also observed in a layered iridate Sr 2 IrO 4 and its origin was demonstrated to be in-plane compression (tension) 46, 47 . While a compressive in-plane strain may exist in the Bi-227 film due to its lattice mismatch with the substrate (a bulk Bi-227 ~10.32 Å versus 2a YSZ ~ 10.25 Å), the elongation in out-of-plane d-spacing here cannot be solely attributed to the in-plane compression. Indeed, a 1.5% in-plane compression is required for 3% out-of-plane elongation in order to maintain the unit cell volume constant. However, the lattice mismatch between the film (assuming bulk lattice constant) and the substrate is only 0.6%, smaller than the required compression. To understand the origin of the large lattice elongation, we further carried out film growth at different P O2 using two different targets since oxygen content and cation stoichiometry can be strongly correlated with the out-of-plane lattice parameters in complex oxide thin films [48] [49] [50] . As shown in Fig. 2(a) , the spacing d 222 (and hence the lattice constant = a d 2 3 222 of the cubic unit cell) decreases with the decrease of P O2 . At the same P O2 , the film grown using the Ir/Bi@3 target has a smaller lattice constant than that grown using the Ir/Bi@1 target. The minimum d 222 (or a) obtained in these films is still ~1.3% larger than that of the bulk sample. To gain further insight, we characterized the chemical compositions of the films using two complementary techniques, i.e. XPS and energy-dispersion X-ray spectroscopy (EDX) which show consistent dependence of Ir/Bi ratio on P O2 (Fig. 2(b) ). The ratio increases from ~0.4 to ~1 when P O2 is decreased from 50 mTorr to 10 mTorr. The low Ir/Bi ratio at high P O2 should be attributed to the high vapor pressure of IrO 3 . We also note that a Pt/Bi ratio of ~0.62 (or Bi/Pt ~1.62) was determined in another pyrochlore film Bi 2 Pt 2 O 7
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; these results suggest that the pyrochlore phase is stable over a wide range of compositions. When P O2 is 30 mTorr or lower, a small Ir (111) peak is observed in the XRD pattern (see Supplementary Fig. S1 ), indicating the formation of Ir metal impurity. The film grown at P O2 = 1 mTorr is dominated by Ir metal and the Ir/Bi ratio is found to be >10 (see Supplementary Figs S1 and S2(c)). The high Ir/Bi ratio obtained in low P O2 may be attributed to the high volatility of Bi metal and stability of Ir. At the same P O2 , the films deposited from the Ir/Bi@3 target have slightly higher Ir/Bi ratios than the ones from the Ir/Bi@1 target. Nevertheless, the dependence of film composition on the target is much weaker than on P O2 .
Density Functional Theory Calculations. The low Ir/Bi ratio in the films grown at high P O2 indicates the possible existence of antisite (Bi Ir ) and/or Bi interstitial (Bi int ) defects which can result in a larger lattice constant than the stoichiometric compound (the ionic radius of Bi 3+ is larger than Ir 4+ ). To verify this possibility, we computed the formation energies of the above two types of defects via DFT calculations, in which a range of chemical (Table 1 ). When the chemical potential of elemental Bi, Ir, or O is the same as that of bulk Bi, bulk Ir, or O 2 gas, respectively, i.e. the chemical potential difference is zero, the Bi, Ir, or O is said to be in an "abundant" condition. A decrease of chemical potential difference corresponds to the decrease of element content; in other words, the lower the chemical potential difference is, the "more deficient" the element is. Our calculations show that the Bi int defects have a consistently high formation energy (4.86 ~6.50 eV), indicating a low possibility of this defect in the films. In contrast, the formation energy of the antisite Bi Ir defect varies from negative to positive, depending mainly on the oxygen content or the chemical potential difference between the element O and O 2 gas. When oxygen is abundant (cases #1 and 2) or slightly deficient (cases #3 and 4), the formation energy is found to be negative. Comparing case #1 with #2 (or #3 with #4) suggests that the more deficient the Ir is, the more stable the Bi Ir defect is; furthermore, comparison between cases #1 and 3 (or between #2 and 4) indicates that the more abundant the oxygen is, the more stable the defect is. Particularly, in case #1 when oxygen is abundant and Ir is deficient, the formation energy reaches a minimum value of −7.47 eV, suggesting that the antisite defect is very stable in this condition. The calculated result is qualitatively consistent with the experimental result in Fig. 2(a) , i.e. the Ir/Bi ratio in the film increases as P O2 decreases. When oxygen is very deficient but Bi and Ir are abundant (case #5), the antisite defect is unlikely to form as indicated by a positive formation energy of 4.04 eV, consistent with the high Ir/Bi (>10) observed at the lowest P O2 (see Supplementary  Fig. S2(c) ).
X-ray photoelectron spectroscopy studies of oxidation states.
The films grown at P O2 = 15~50 mTorr were found to be slightly oxygen-deficient, as suggested by the XPS studies. The XPS measurement was taken on three representative films, i.e. f1 (P O2 = 50 mTorr, Ir/Bi@1 target), f2 (P O2 = 50 mTorr, Ir/Bi@3 target), and f3 (P O2 = 15 mTorr, Ir/Bi@3 target), along with two control samples, i.e. bulk IrO 2 and Bi 2 O 3 . The Ir 4 f spectrum and Bi 4 f spectrum for films f1 and f3 are presented in Fig. 3 , and the same for f2 are provided in the Supplementary Fig. S3 . A qualitative comparison between the spectra of the films and that of the bulk IrO 2 (and Bi 2 O 3 ) (see Supplementary Fig. S4 ) suggests that both Ir (and Bi) have a component with an oxidation state lower than the nominal +4 (and +3). We fitted the spectra using two components in CasaXPS software to obtain more quantitative information. The symmetric component is described by the Gaussian-Lorentz profile GL(m), while the asymmetric lineshape which is used to capture the many-body, screening effects 52 is described by the convolution of Gelius profile A(a,b,n) and Gaussian-Lorentz profile GL(m), in which the assymetry is determined by the parameters a and b. More detailed information about the fitting process is provided in the supplemental information. The fitting spectra at the optimal a and b values are shown in Fig. 3 . The obtained binding energies for Ir 4f 5/2 peaks are: 65.8~66.1 eV (component 1) and 64.4~64.5 eV (component 2); the binding energies for Ir 4f 7/2 peaks are: 62.8~63.1 eV (component 1); and 61.4~61.5 eV (component 2). The existence of two components may be attributed to the apperance of two final states in the photoemission process 53, 54 , the coexistence of the core lines and plasmon satellite 55, 56 , and a mixed oxidation state 57 . In either case, however, the fact that the entire measured spectra are shifted to lower binding energies in comparison to IrO 2 (Ir 4+ ) suggests the formation of oxygen vacancies in the films. Similarly, the Bi spectrum can be fitted using two components as well ( Fig. 3 2 . The clear experimental evidence for the presence of multiple charge carriers in films f1, f2 and f3 is qualitatively consistent with the existence of multiple bands in the electronic structures 60 . The multiple bands will impart different effective masses, qualitatively consistent also with the experimental evidence for different mobilities. While oxygen vacancies are expected to function as n-type dopants and Bi Ir antisite defects as p-type dopants, it is less certain that the observed carrier densities should be associated with doping via these different types of defects since thermal ionization of defect levels may not be effective at T = 0.39 K. At the high defect density present in the films, e.g. where 1/3 of Ir is replaced by Bi, the defects can be expected to impact the electronic band structure instead of solely change the Fermi level via doping, not captured in DFT calculations based on assumed stoichiometry. Association between observed transport properties and specific defects therefore requires future theoretical and experimental studies of band structure in the presence of high defect densities.
All three films show metallic behavior in R □ vs T at high T, as Fig. 6 shows. At intermediate T, the films show a logarithmic increase of R □ with decreasing T such that 1/R □ ~ ln(T/T 0 ) (Fig. 6 ). The transition from metallic to logarithmic insulating behavior occurs for f1 at 10 K, for f2 at 50 K and for f3 at 55 K. It is apparent that among the three films, f1 maintains its metallic character to the lowest T, compatible with a higher crystalline quality. Indeed, XRD for f1 shows the sharpest features (see Supplementary Fig. S1 ), a sign of the best crystalline quality among the films. The logarithmic dependence of the sheet conductance (2D conductivity) G □ = 1/R □ on T, depicted in Fig. 7, can at B = 0 be expressed as:
where G □0 denotes a T-independent part, T 0 is a normalization constant, and α denotes a prefactor. Figure 7 depicts G □ (B = 0) vs T on a semi-logarithmic graph, with fits to Equation (1) yielding α = 0.67 for f1, α = 0.71 for f2 and α = 0.87 for f3. The values for α are typical for thin films in general, where α of order unity is most often encountered 61 . Two mechanisms can lead to a logarithmic dependence but in all present films have opposite effects on G □ : antilocalization which will tend to increase G □ with decreasing T at B = 0, and electron-electron interactions which will tend to decrease G □ with decreasing T. Antilocalization results from the destructive interference of partial waves on time-reversed paths returning to the origin of the paths, occurring in the presence of spin-orbit interaction when the mobility mean-free-path is shorter than the quantum phase coherence length [61] [62] [63] [64] [65] [66] . Antilocalization is accompanied by a characteristic positive MR, observed in the films [61] [62] [63] [64] [65] [66] . Figure 8 shows the MR obtained at T = 0.39 K for the films. A pronounced low-B positive MR characteristic of antilocalization is observed for all three films, transitioning to a linear positive MR at high B (discussed below). The existence of antilocalization confirms the presence of spin-orbit interaction in the films, and accounts for the observation of relatively low α < 1. As a quantum coherence effect, the antilocalization correction to the classical sheet conductance strengthens with decreasing T, which increases G □ with decreasing T. On the other hand, electron-electron interactions can directly decrease G □ (B = 0) with decreasing T via the Aronov-Altshuler mechanism 67 , where the interaction leads to an effective suppression of the density-of-states at the Fermi level in diffusive transport. The Aronov-Altshuler mechanism results in a logarithmic dependence on T as expressed in Equation (1) with α ranging from 0.25 (strong screening of electron-electron interactions) to 1 (no screening) 61, 66 . The Aronov-Altshuler mechanism is also accompanied by a weak positive MR 61 . In the present films the dependence G □ ~ ln(T/T 0 ) down to T ≈ 1 K with prefactor α < 1, and the upturn in G □ for T < 1 K are attributed to the competing effects of antilocalization and the Aronov-Altshuler electron-electron interaction mechanism. The observation of positive MR at low B (Fig. 8 ) is further consistent with the presence of both antilocalization and the Aronov-Altshuler mechanism. A detailed analysis of the exact contribution of each effect is outside the scope of this work. The linear positive MR at higher B > 1.5 T in Fig. 8 is similar to the MR observed in previous work on thin film Bi-227 39 , although no hysterisis was observed in our thin films. We ascribe the linear positive MR at high B to the underlying electronic structure featuring a linear dispersion. Although its exact origins are still debated, a positive linear MR has indeed consistently appeared in the context of materials with a linear dispersion or quasi-relativistic dispersion (Dirac materials, topological insulators, Bi, InSb) 68 .
Conclusions
In conclusion, we have achieved epitaxial growth of pyrochlore iridate thin films on yttria-stabilized zirconia substrate via pulsed laser deposition. The lattice constants of the films are a few percent larger than that of the bulk single crystal, and the film composition shows a strong dependence on the oxygen partial pressure P O2 . DFT calculations indicate the existence of Bi Ir , which is qualitatively consistent with the large lattice constant and low Ir/Bi ratio found in the films grown at a relatively high P O2 . Both Ir and Bi have oxidation states that are lower than their nominal values, suggesting the existence of oxygen deficiency. With antisite defects and oxygen vacancies, the Bi 2+x Ir 2−y O 7− thin films show a variety of intriguing electronic transport properties, including multi-carrier transport, a logarithmic dependence of conductance on T, an antilocalization quantum correction to conductance due to spin-orbit interaction, and linear positive magnetoresistance.
Methods
Experimental details. Thin films of Bi 2+x Ir 2−Y O 7−δ were grown on yttria-stabilized zirconia (YSZ) (111) substrates by PLD. Two ceramic targets were prepared via a solid state reaction method using IrO 2 and Bi 2 O 3 as source materials at Ir/Bi ratios of 1 and 3 (labeled as Ir/Bi@1 target and Ir/Bi@3 target, respectively). The repetition rate of the KrF excimer laser (λ = 248 nm) was 1 Hz and the nominal energy density was ~3.33 J/cm 2 . The substrate heater temperature was set to 750 °C (actual substrate temperature ~550 °C), and P O2 was varied from 1 to 50 mTorr. Films grown at three representative conditions labeled as f1 (P O2 = 50 mTorr, Ir/Bi@1 target); f2 (P O2 = 50 mTorr, Ir/Bi@3 target); and f3 (P O2 = 15 mTorr, Ir/Bi@3 target), were the focus of this work. After deposition, the PLD chamber was filled with oxygen gas up to about atmosphere pressure, in which thin films were cooled down. X-ray diffraction (Panalytical X'Pert PRO MRD) 2θ-ω (Triple axis mode) and ϕ-scans (Rocking curve mode) were carried out in Los Alamos National Laboratory to obtain information on the orientation, lattice parameters and epitaxial quality of the thin films. Further XRD measurements were also carried out in Indiana University using a standard PANalytical instrument with a Chi-Phi-Z sample stage (Cu K α ). Cross-section specimens for TEM were prepared by mechanical polishing of the film to a final thickness of ~60 μm with a diamond lapping film, followed by a thinning process using a Gatan Precision Ion Polishing System Model 691. TEM characterization was conducted in an FEI Tecnai F30 transmission electron microscope. Energy-dispersion X-ray spectroscopy (EDX) measurement was carried out in a scanning electron microscope (SEM, Quanta FEI). X-ray photoelectron spectroscopy (XPS) data were obtained on a PHI VersaProbe II Scanning X-ray Microprobe system. All XPS spectra were calibrated using the carbon 1 s peak at 284.8 eV. Magnetotransport measurements were performed on microfabricated Hall bars (cfr. inset in Fig. 5 ), obtained by photolithography followed by reactive ion etching in BCl 3 . The Hall elements were L-shaped to enable characterization of anisotropic transport properties (anisotropy was not observed). The active region of the Hall elements had a length-to-width ratio of 2 (160 μm length, 80 μm width), sufficiently high to allow observation of a clear Hall signal despite the low values for R H (B). Ohmic contacts were photolithographically fabricated as unannealed pads of 5 nm Cr / 40 nm Au. Magnetotransport was measured over 390 mK < T < 270 K in a sample-in-liquid 3 He system. Excitation currents varied between 5 nA (for R □ ) to 20 nA (for R H ), sufficiently low to avoid carrier heating. Zero-field resistances were measured during cool-down from 270 K to 390 mK with magnetic field B = 0 T (ZFC). Magnetoresistances were then measured at 390 mK over −9 T < B < 9 T. Samples were subsequently brought to T = 30 K and B = 4.0 T and cooled to T = 390 mK at B = 4.0 T (FC). Magnetoresistances were then remeasured at 390 mK over −9 T < B < 9 T. Differences in data between ZFC and FC conditions were not apparent and hence magnetotransport data obtained under ZFC conditions only are shown.
DFT clculation details.
Density-functional theory calculations were carried out on the pyrochlore structure with and without defects by using DFT code, VASP 69, 70 . The generalized gradient approximation (GGA) 71 was used for exchange-correlation functional and projector-augmented wave (PAW) pseudopotentials 72 . Spin-orbit coupling was included self-consistently within the DFT calculation. For the perfect Bi-227 pyrochlore structure, we considered a face-centered cubic (fcc) primitive unit cell of 22 atoms with the experimental lattice constant of 5.155 Å 14 and relaxed the geometry until the residual forces became less than 0.01 eV/Å. The energy cutoff of 400 eV and 9 × 9 × 1 k-point mesh were used for the relaxation and the self-consistent run of the optimized geometry.
For the structure with defects, we considered two different types of defects, i.e. Bi: Ir antisite (Bi Ir ) and Bi interstitial (Bi int ) that could result in the high Bi to Ir ratio found in the experiment. In each defect type, we simulated an 88-atom supercell with one defect when the structure is electrically neutral (see Supplementary Fig. S6 ). Possible oxygen vacancies were not introduced in the structure. In the structure with defects, the geometry was relaxed with 5 × 5 × 1 k-point mesh and an energy cutoff of 400 eV until the residual forces were less than , where E anti , E int , and E 0 are total energies of the structure with an antisite defect, with an interstitial defect, and without any defects, respectively [73] [74] [75] , where the first term is the chemical potential difference of oxygen at T and pressure P O2 = 1 atm which can be obtained by applying the ideal gas law and the standard tabulated values for the O 2 gas (T 0 = 298 K, P O2 = 1 atm) 74 .
